Abstract. Damage to the cerebral microvasculature is a feature of cerebral malaria. Circulating endothelial progenitor cells are needed for microvascular repair. Based on this knowledge, we hypothesized that the failure to mobilize sufficient circulating endothelial progenitor cells to the cerebral microvasculature is a pathophysiologic feature of cerebral malaria. To test this hypothesis, we compared peripheral blood levels of CD34 + /VEGFR2 + and CD34 + /CD133 + cells and plasma levels of the chemokine stromal cell-derived growth factor 1 (SDF-1) in 214 children in Accra, Ghana. Children with cerebral malaria had lower levels of CD34 + /VEGFR2 + and CD34 + /CD133 + cells compared with those with uncomplicated malaria, asymptomatic parasitemia, or healthy controls. SDF-1 levels were higher in children with acute malaria compared with healthy controls. Together, these results uncover a potentially novel role for endothelial progenitor cell mobilization in the pathophysiology of cerebral malaria.
INTRODUCTION
Cerebral malaria is a serious complication of Plasmodium falciparum infection and contributes significantly to the morbidity and mortality of this pandemic. Primarily young children develop a diffuse potentially rapidly reversible encephalopathy associated with loss of consciousness, seizures, and few localizing neurologic signs. 1 Despite anti-parasitic treatment, 15-30% die. 1, 2 In most survivors detectable neurologic sequelae resolve within 4-6 weeks. 2, 3 A pathophysiologic hallmark of P. falciparum infection is the microvascular sequestration of infected red blood cells (IRBCs) in the cerebral microvasculature. Sequestration is thought to specifically contribute to the pathophysiology of cerebral malaria. This same evidence, however, supports an equally important role for microvascular damage. Indeed, electron micrographs of cerebral malaria patients' brains show that the intimate interactions between the IRBCs and endothelial cells 1, [3] [4] [5] are also accompanied by diffuse activation of the vascular endothelium and perturbations of the blood-brain barrier. [6] [7] [8] [9] [10] Elevated plasma von Willebrand factor (vWF) levels in P. falciparum -infected patients and pathology indicates that endothelial cell damage occurs. 1, 3, 4, [11] [12] [13] Seminal work from Asahara and others 14 showed that circulating endothelial progenitor cells (CEPCs) in the peripheral blood of humans are key mediators of microvascular homeostasis. 15 It has been established that damaged endothelial cells are replaced not only by the replication of local endothelial cells but also by bone marrow-derived CEPCs that migrate to sites of damage and are incorporated into the microvasculature. 14, 16, 17 They augment the local response, which may be insufficient to repair extensive or chronic injury by replication or migration.
More recent work has shown that recovery from endothelial damage is further defined by a balance between the magnitude of microvascular damage and the capacity for repair. 18 Accordingly, CEPCs have been implicated in the pathogenesis of cardiovascular disease, tissue hypoxia, cancer, vasculitis, and sickle cell disease. [18] [19] [20] [21] [22] [23] [24] [25] [26] Insufficient or dysfunctional CEPCs and levels of chemokines, which mediate CEPC mobilization and migration from the bone marrow, correlate with poor clinical outcomes. 18, [27] [28] [29] Based on this information, we hypothesized that low levels of CEPCs might be also associated with the development of cerebral malaria. Children able to maintain the balance between damage and repair would not develop cerebral malaria. If this equilibrium was disturbed, however, cerebral malaria might develop because of breaches in the integrity of the brain microvasculature.
To test this hypothesis, we measured and compared levels of CEPCs by flow cytometry in Ghanaian children with cerebral malaria (CM), uncomplicated malaria (UM), asymptomatic parasitemia (AP), severe malaria anemia (SA), and uninfected healthy controls (HC). To detect CEPCs, we used the traditional dual expression of CD34 and the vascular endothelial cell growth factor 2 (VEGFR2).
14 However, because the CD34 + /VEGFR2 + cell population may include mature endothelial cells shed from the vessel walls, we also measured levels of CD34 + /CD133 + cells to enhance the detection of immature progenitor cells. 15, 17, 30, 31 To discern if the host was attempting to mobilize CEPCs to sites of microvascular damage, we measured levels of the stromal cell-derived growth factor 1 (SDF-1) chemokine by ELISA. Children between the ages of 1 and 12 years of age were screened for inclusion by a team of study nurses and physicians. Children presenting with suspected malaria were evaluated with a complete history and physical examination. Children at local schools were assessed by history and a brief physical examination. Inclusion criteria for malaria were a history of fever or current fever (axillary > 37.5°C) and malaria parasitemia of 2,500/µL. Uncomplicated malaria patients were parasitemic and fully conscious without any WHO criteria for severe malaria. 32 Children with cerebral malaria (CM) had to be unconscious, with a Blantyre coma scale score (BCS) of < 3 and duration of coma > 60 minutes, and no record of recent severe head trauma or other cause of coma or neurologic diseases including meningitis/encephalitis. Children with CM could have other concomitant severe malaria syndromes as defined by the WHO. 32 Children with asymptomatic parasitemia and normal controls were with and without malaria parasitemia, respectively. Exclusion criteria were sickle cell trait/disease, history of HIV infection, trauma, surgery, diabetes or cardiovascular disease, bacteremia, meningitis/encephalitis, or any other disease besides malaria. Blood cultures and lumbar punctures were obtained in all patients with acute malaria and suspected CM, respectively. Blood samples for study purposes were not collected from children with suspected severe malaria anemia (SA, hemoglobin < 5 g/dL) on the basis of severe clinical pallor. If CM patients with concomitant SA had available residual blood from diagnostic or other studies, they were eligible for inclusion in the study. SA patients from an independent study of malaria anemia in Year 1 of the study with available residual blood were also included.
MATERIALS AND METHODS

Study
Sample collection. Venous blood was collected on the initial clinical evaluation for the determination of white blood cell count (WBC), hemoglobin concentration (Hb), platelet count, blood sugar, parasite density, malaria smear, and sickle cell anemia test (sodium metabisulfite ). An aliquot was transported to the NMIMR and used for flow cytometry and plasma obtained by centrifugation was stored at −80°C for ELISA analysis.
Flow cytometry. CEPCs were analyzed as previously described. 33 Aliquots of 50 µL whole peripheral blood per reaction were incubated for 15 minutes in the dark with mouse anti-human phycoerythrin (PE)-or fluorescein isothiocyanate (FITC)-conjugated antibody pairs: CD34-FITC (MiltenyiBiotec, Auburn, CA ) and VEGFR2-PE (R&D Systems , Minneapolis, MN) or CD34-FITC (MiltenyiBiotec) and CD133-PE (MiltenyiBiotec). Aliquots of cells incubated without antibodies or either with mouse anti-human CD15-PE and CD15-FITC (BD Biosciences, San Diego, CA) were used as controls. After incubation, RBCs were lysed with FACS lysis solution (BD Biosciences), washed with FACS flow (BD Biosciences , San Diego, CA), and immediately analyzed. Samples were assayed on a FACScan (BD Biosciences), and each analysis included 20,000 events.
Chemokine ELISA. Plasma concentrations of SDF-1 were assayed in duplicate using Quantikine ELISA assays (R&D Systems). Subject plasma (100 µL/reaction) was tested in parallel with SDF-1 standards and a human plasma SDF-1 control (R&D Systems). Absorbance was measured at 450 nm. A plot of the SDF-1 concentrations of the standards versus their absorbance readings was used to determine the SDF-1 concentrations in the subject's samples.
Statistical analysis. The primary objective of the analysis was to compare the mean level of each parameter (% EPC, WBC count, parasite density, and hemoglobin (Hb) among the five groups: CM, UM, AP, SA, and HC. Because age was considered a potential confounder, because of the higher prevalence of CM in young children, all analyses made an adjustment for age by using age as a covariate. Because of concerns that disease severity and or anemia could be confounders, all analyses also included adjustments using parasite density and hemoglobin as covariates. To adjust for any systematic shift in measurements from Year 1 to Year 2 of the study, the study year was used as a blocking factor. Accordingly, the analysis was conducted as a two-way analysis of variance (ANOVA) where the factors were clinical group and study year and the covariates were age, parasitic density, and hemoglobin.
In all the analyses, the parallelism assumption was not rejected, and accordingly, analysis of covariance (ANCOVA) was deemed appropriate. On finding any significant group differences ( P < 0.05), Tukey-adjusted pairwise comparisons were carried out to determine which groups differed from one another. It was determined that a log-transformation of the data conformed to the standard ANOVA assumptions. Accordingly, all analyses were conducted using the log-transformed data, but the summaries and graphs were based on geometric means and their associated 95% confidence limits expressed in the original, untransformed units of measurement.
Pre-study sample size/power calculations for the 2-year study were made based on studies of CEPCs in adult men, because no sizable amount of data was available regarding CEPCs in children. Based on the adult data, we designed the study to achieve 80% power to detect an effect size of 0.61, which led to a requisite sample size of 34 subjects in each clinical group.
RESULTS
Baseline subject characteristics. Baseline patient characteristics of the 214 children included in the study are given in Table 1 . Fifty-one percent were male. The children ranged in age from 1 to 12 years, with a mean age of 6.1 ± 2.8 years. Two patients with bacteremia ( Salmonella typhi and Shigella flexneri ) and 4 UM patients with suspected intravascular hemolysis (IVH) caused by the passage of "cola colored" urine were removed from the analysis.
Baseline characteristics were as expected. The parasite densities differed significantly across the five study groups (CM, UM, AP, SA, and HC; P < 0.0001); they were significantly increased in the CM, UM, and SA groups compared with the AP or HC children, respectively, and the AP children had increased levels compared with the HC children ( P < 0.0001). There was no significant difference in parasite densities between CM and UM or between CM and SA children.
WBC counts differed significantly across the five groups ( P < 0.0001); they were significantly increased in patients with CM compared with children with UM ( P < 0.0001), AP ( P < 0.0001), or HC ( P < 0.0001). Hemoglobin levels (Hb) differed significantly across the five groups ( P < 0.0001). Hb levels were significantly lower in children with CM than in children with UM, AP, or HC (all P < 0.0001) and in children with UM than in children with AP or HC ( P < 0.0001). Levels of Hb were significantly lower in the SA children compared with either CM, UM, AP, or HC ( P < 0.0001). Levels of Hb were not different between AP and HC children.
Of the 42 CM patients enrolled in the study, the BCSs were as follows: 0 ( N = 2), 1 ( N = 4), 2 ( N = 21), and 3 ( N = 15). Eight of the CM patients had concomitant evidence of other severe malaria syndromes. Three of these patients had IVH and one had respiratory distress. Four also had SA; one of these also had IVH and another had respiratory distress. Six CM patients died; of these, three also had SA, IVH, or respiratory distress.
Two of the 14 children who had SA without cerebral malaria also had intravascular hemolysis.
Flow cytometry of circulating endothelial progenitor cells. ANCOVA showed a significant difference for %CEPC levels detected using the CD34/VEGFR2 antibody combination ( P < 0.0001) among the five subject groups tested (CM, UM, AP, HC, and SA) as well as using the CD34/CD133 antibody combination ( P < 0.002) for the four subject groups tested (CM, UM, AP, and HC). Further pairwise comparisons showed that the mean %CEPC levels detected using the traditional antibody combination of CD34/VEGFR2 were significantly lower in children with CM compared with those with UM ( P < 0.0004), AP ( P < 0.001), HC children ( P < 0.004), or those with SA ( P < 0.006; Figure 1A ). Using the more progenitor cell-specific antibody combination CD34/CD133, the %CEPC levels were also significantly lower in CM children compared pairwise with those with UM ( P < 0.003), AP ( P < 0.001), or HC ( P < 0.006; Figure 1B ). Pairwise comparisons of the mean %CEPC levels between other groups were not statistically significant (e.g., UM versus AP or AP versus HC).
Chemokine levels. ANCOVA showed a significant difference in SDF-1 levels among the four subject groups ( P < 0.001). Further analysis showed that levels of SDF-1 were significantly elevated in patients with CM compared with healthy controls ( P < 0.02; Figure 2 ). SDF-1 levels were also elevated in patients with UM compared with healthy controls ( P < 0.0004). SDF-1 levels were elevated (but not statistically significant) in patients with UM compared with those with AP ( P = 0.06). There were no significant differences in the SDF-1 levels of patients with CM and UM or between those with CM and AP or AP and HC.
DISCUSSION
We hypothesized that low levels of CEPCs might be associated with the development of cerebral malaria. Children in a P. falciparum -endemic region in Ghana with cerebral malaria have significantly lower levels of CEPCs, as defined by the dual expression of CD34 and VEGFR2, than children with uncomplicated malaria, asymptomatic parasitemia, severe malaria anemia, or uninfected controls, and they also have lower levels of CD34 + /CD133 + cells than children with uncomplicated malaria, asymptomatic parasitemia, or uninfected 8.1 ± 2.0 9.7 ± 1.8 11.9 ± 1.0 4.2 ± 0.4 11.6 ± 1.0 controls. In addition, plasma levels of SDF-1 in children with acute malaria (UM and CM) were significantly higher than in healthy controls.
These results permit the placement of cerebral malaria pathogenesis within the context of the current paradigms of microvascular homeostasis, thereby providing a new way of looking at the pathophysiology of the disease. Although microvascular damage is common to the major proposed mechanisms of cerebral malaria: hypoxia, a cytokine-induced sepsis-like syndrome and sequestration; how the host response to microvascular damage might contribute to the development of and recovery from this serious complication of P . falciparum infection has not previously been considered.
Our analysis suggests that the findings are syndrome specific for cerebral malaria and not merely an epiphenomenon. We assessed the possibility that the low levels of CEPCs observed were merely caused by severe disease by using parasitic density as a covariate in our statistical analysis. In addition, we performed flow cytometry analysis on a group of children with another severe malaria syndrome: severe malaria anemia. Similar to UM, AP, and healthy controls, children with severe malaria anemia have significantly higher levels of CEPCs (CD34 + /VEGFR2 + ) compared with those with cerebral malaria. Therefore, the low levels of CEPCs in children with cerebral malaria do not seem to be caused by severe disease.
It was also possible that general bone marrow suppression, which is believed to contribute to anemia in malaria, might effect levels of the bone marrow-derived CEPCs. 34 The FACS analysis of patients with severe malaria anemia, however, does not support this thesis. To further control for the potential impact of bone marrow suppression and anemia on our findings, hemoglobin was used as a covariate in our statistical analysis.
Our hypothesis is further supported by the finding that SDF-1 levels are high in patients with acute malaria (CM and UM) compared with healthy controls. SDF-1 serves a critical role in the mobilization of EPCs from the bone marrow and their retention at sites of microvascular damage. [35] [36] [37] The results therefore reinforce the contention that the P. falciparum host is attempting to repair microvascular damage. The results also provide plausible novel explanations for some clinical epidemiologic observations of the disease. For example, in Ghana, as in much of sub-Saharan Africa, beginning in infancy, children experience multiple consecutive P. falciparum infections. However, children between the ages of 2 and 5 years are more prone to develop cerebral malaria. 38, 39 It is interesting, therefore, to consider whether this finding might be explained by the exhaustion of endothelial progenitor cells in the BM or the impairment of the BM's ability to produce EPCs after repeated infections but before the development of anti-parasite immunity. In addition, with age and repeated challenges children might develop an enhanced capacity for microvascular repair, which contributes to their immunity to cerebral malaria. It might further be postulated that the observed diminution in age-related immunity on leaving an endemic area could be associated with the waning of this enhanced capacity caused by the absence of persistent microvascular damage.
The results also suggest that chemotherapeutics and novel therapies being developed for other diseases associated with alterations of microvascular hemostasis might be used in the treatment of cerebral malaria. [40] [41] [42] The etiology of the observed low levels of CEPCs, however, needs to be determined. EPC reserves in the bone marrow may become depleted, but the disease milieu may also lead to functional impairments and the cells' inability to mature or migrate from the bone marrow. 25, 27 Therapies that merely augment the number of CEPCs might not be effective, whereas those designed to enhance CEPC function could be of benefit.
In addition, the time course of the host response to P. falciparum -induced microvascular damage needs to be determined. Because our study was designed to specifically determine whether low CEPCs were associated with cerebral malaria, measurements were determined only at a single time point. However, P. falciparum infection results in a spectrum of disease severity. The patient with AP might progress to UM, and the UM patient may or may not progress to CM or develop SA. Based on the findings, we would anticipate that patients who progress on the continuum to develop CM have decreasing levels of CEPCs and that those that recover have increasing levels. Prospective measurements of CEPC levels before the development of and after the recovery from CM are necessary to verify that this is the case. This information will permit a determination of when therapeutics would be most effective.
Such studies may also permit the establishment of CEPC levels at which patients are at risk for the development of cerebral malaria. In patients with cardiovascular disease, low levels of CEPCs correlate with disease progression and are predictive of cardiovascular events. 18, 28, 29 CEPC levels could similarly be predictive of who will develop and recover from cerebral malaria.
It is recognized that the development of CM may be caused by a constellation of factors of which low CEPC levels are merely one contributor. Indeed, low CEPC levels may not reflect microvascular damage as postulated, but be from another cause. Further study is needed. However, despite these limitations, our study provides a new conceptual lens through which to view malaria pathogenesis that may also hold potential diagnostic and therapeutic relevance. 
